Bladder cancer is one of the most common cancers in the developed world. The lifetime cost for bladder cancer patients is the highest among all cancer types on a per-patient basis[@b1]. The most common type of bladder cancer is urothelial carcinoma (UC), which arises from the bladder urothelium. Bladder cancer is divided into two distinct forms with different prognoses: non-muscle-invasive bladder cancer, which is frequently recurrent and can sometimes become invasive, and muscle-invasive bladder cancer (MIBC), 50% of which develop a distant metastasis after radical cystectomy and bilateral lymph node dissection within 2 years[@b2]. Despite advances in surgical techniques and an improved understanding of the role of pelvic lymphadenectomy, the long-term prognosis of invasive BUC (Bladder Urothelia Carcinoma) patients after treatment remains poor, and the molecular mechanisms underlying BUC progression and metastasis remain unknown[@b3][@b4].

The human METTL13 gene is located at 1q24.3. METTL13 was first purified from rat livers and was shown to inhibit nuclear apoptosis *in vitro*. These initial experiments also confirmed that METTL13 attenuates apoptotic cell death[@b5]. Some studies also showed that METTL13 affects various cell signaling and metabolic pathways[@b6]. However, further studies are needed to fully elucidate how the multifunctional properties of METTL13 contribute to tumorigenesis.

In the present study, METTL13 expression was lower in bladder cancer tissue samples and cancer cell lines than normal bladder cancer and normal cell lines. METTL13 negatively regulates cell proliferation in bladder cancer or normal cell lines and is involved in the cell cycle processes of bladder cancer cells. The overexpression of METTL13 hinders cellular migration and invasion in bladder cancer cells. The significance of METTL13 in bladder cancer is increasingly being recognized because this gene may be useful for a variety of diagnostic and therapeutic approaches.

Materials and Methods
=====================

Clinical samples
----------------

A total of 83 consecutive patients with bladder urothelial cell carcinoma underwent partial cystectomies and radical cystectomies from 2011 to 2014 at the Department of Urology of the First Affiliated Hospital of China Medical University in China. Furthermore, 83 normal urothelial specimens, which were more than 3 cm away from the bladder cancer tissues, were obtained during surgery and used as normal controls. Fresh resected tumors and adjacent noncancerous mucosa were harvested and then immediately frozen in liquid nitrogen and stored at −80 °C. The study was conducted according to an institutional review board-approved protocol (2012--33) by Medical Ethics Committee of the First Affiliated Hospital of China Medical University, and written informed consent was obtained from each patient for surgery and research purposes. A total of 83 cases were identified, including 61 men and 22 women with a median age of 60 years (range: 39--77 years). The tumor size ranged from 2.0 to 9.0 cm in the greatest dimension (median size: 4.4 cm). Histologically, the tumors were classified according to the 2004 World Health Organization histologic classification of urinary tract tumors[@b7]; they included 49 low-grade papillary urothelial carcinomas and 34 high-grade papillary urothelial carcinomas. The tumors were staged using the 2002 American Joint Committee on Cancer system[@b8]; they included 38 urothelial carcinomas without invasion (≤pT1) and 45 invasive urothelial carcinomas (\>pT1). None of the cancer patients received adjuvant chemotherapy or radiation therapy before surgery. All patients with noninvasive bladder carcinomas (Ta--T1) were treated with intravesical chemotherapy after transurethral resection, and all patients with invasive disease (T2--T4) were treated with chemotherapy or radiotherapy after cystectomy. Seventy-one patients with bladder reservation received routine urine examinations, chest X-rays, abdominal and pelvic ultrasonography examinations, cystoscopies, and cytology examinations every 3 months. During the follow-up period, tumor metastases were observed in 29 patients.

Quantitative real-time PCR (qRT-PCR)
------------------------------------

Total RNA was extracted from clinical samples and cultured cell lines using TRIzol reagent (Invitrogen) and reverse transcribed with random primers using PrimeScript™ RT Master Mix (Perfect Real Time; Takara Biotechnology Co. Ltd., Dalian, China) according to the manufacturer's instructions. qRT-PCR was performed to detect the levels of β-actin, METTL13, CDK4, CDK6, CCND1 and CCNE2 using SYBR® Premix Ex Taq™ (Tli RNaseH Plus; Takara Biotechnology CO. LTD., Dalian, China) and a Thermal Cycler Dice™ Real Time System TP800 (Takara, Kyoto, Japan). β-actin was used as the internal control for each gene. The reaction system was maintained at 50 °C for 2 min and heated to 95 °C for 10 min followed by 40 cycles of denaturing at 95 °C for 15 s, annealing at 55 °C for 30 s and extension at 72 °C for 30 s. The primer sequences for β-actin (XM_005249818.1) were 5′-TAATCTTCGCCTTAATACTT-3′ and 5′-AGCCTTCATACATCTCAA-3′. The mRNA expression levels of METTL13 (NM_015935.4), CDK4 (BC015669.2), CDK6 (BC052264.1), CCND1 (BC001501.2), and CCNE2 (BC020729.1) were detected using the following respective primers:

5′-ATTGCGTCTCTACTTATACTGGTT-3′ and

5′-CATCTTGCTCTGCTATCTCACT-3′;

5′-ACATAAGGATGAAGGTAA-3′ and

5′-GAGATAAAGGCAAAGATT-3′;

5′-AGACTTGACCACTTACTTG-3′ and

5′-TACTCGGTGTGAATGAAG-3′;

5′-TTGATACCAGAAGGGAAA-3′ and

5′-TAAGTCAGAGATGGAAGG-3′;

5′-GTTCTTCTACCTCAGTATTCTC-3′ and

5′-AGCAGCAGTCAGTATTCT-3′.

The relative levels of expression were quantified and analyzed using SDS 2.3 software (Applied Biosystems, NY, America). The real-time value for each sample was averaged and compared using the Ct method. The relative expression level (defined as a fold change) of each target gene (2−ΔΔCt) was normalized to the endogenous β-actin reference (ΔCt) and related to the amount of target gene in the control sample, which was defined as the calibrator at 1.0. Three independent experiments were performed to analyze the relative gene expression, and each sample was tested in triplicate.

Western blot
------------

Frozen tissues (including the tumor and non-tumor specimens) or cells were washed twice with ice-cold phosphate-buffered saline (PBS), homogenized on ice in 10 volumes (wt/vol) of lysis buffer containing 20 mM Tris--HCl, 1 mM EDTA, 50 mM NaCl, 50 mM NaF, 1 mM Na~3~VO~4~, 1% Triton X-100, 1 mM PMSF, and phosphatase inhibitor using a homogenizer (Heidoph, DLA × 900, Germany). The homogenate was centrifuged at 12,000 rpm and 4 °C for 30 min. The supernatant was collected and stored at −80 °C. The protein content was determined using the BCA assay (BCA protein assay kit, Pierce Biotechnology, Rockford, IL). From each sample preparation, 80 μg of total protein was separated by 8% SDS-PAGE and then transferred to PVDF membranes. The total protein extracts were analyzed using immunoblotting with the indicated antibodies following SDS-PAGE analysis. Immunoblotting was performed using mouse monoclonal primary antibodies specific to METTL13, Rb, FAK, AKT, β-catenin, MMP-9 and β-actin; rabbit monoclonal antibodies to CDK4, CDK6, CCND1 and CCNE2 (Abcam, Hong Kong) and mouse monoclonal primary phosphorylation antibodies specific for Rb, FAK and AKT. After blocking nonspecific binding with 5% BSA in TBS (pH 7.5) containing 0.05% Tween-20 (TBST), primary antibodies were applied to the membranes (1:1,000) overnight at 4 °C in TBST. Following three washes in TBST, the membranes were incubated for 2 h at 37 °C with secondary antibodies to mouse or rabbit IgG (1:5,000, Abcam, Hong Kong) labeled with horseradish peroxidase. The proteins were detected using the ECL detection system (Pierce Biotechnology, Rorkford, IL, USA), as directed by the manufacturer. Specific bands for target proteins were identified using pre-stained protein molecular weight markers (MBI Fermentas, Glen Burnie, MD). The EC3 Imaging System (UVP Inc., Cambridge, UK) was used to visualize the specific bands, and the optical density of each band was measured using ImageJ software. The ratio between the optical densities of target proteins of the same sample represented the relative content and was graphically expressed.

Cell lines and Reagents
-----------------------

All examined cell lines were derived from bladder tissues. SV-HUC-1, 5637, and T24 cells were obtained from the cell bank of the Chinese Academy of Sciences (Shanghai, China). The cells were cultured in RPMI-1640 medium supplemented with 10% heat-inactivated fetal bovine serum (Gibco/Invitrogen, Australia) and 1% penicillin/streptomycin (Invitrogen, Grand Island, NY) at 37 °C in a humidified incubator in the presence of 5% CO~2~. The cells were harvested for use in subsequent experiments by treating them with 0.25% trypsin (Invitrogen, Grand Island, NY) during the logarithmic phase of growth. Palbociclib (CDK4/6 inhibitor), MK2206 (AKT inhibitor) and PF-562271(FAK inhibitor) were obtained from Selleck Chemicals (Hunston, TX, USA).

Transfection
------------

SV-HUC-1 cells were transfected with double-stranded siRNA oligomers using Lipofectamine® 2000 transfection reagent (Life Technologies Corporation, America) according to the manufacturer's instructions. Briefly, the cells were seeded into 24-well plates at a density of 30,000 cells per well and grown for 12 h prior to transfection with human METTL13 siRNA (5′-GCGGGGUGCUACAUAAAUATT-3′; GenePharma Corporation, Shanghai, China) for 24 or 48 h. The negative siRNA control was purchased from GenePharma (GenePharma Corporation, Shanghai, China).

5637 and T24 cells were transfected with the METTL13 expression plasmid pEX-4-METTL13 (GenePharma, Shanghai, China) using Lipofectamine 2000 (Invitrogen, USA). The expression of the transfected genes was confirmed with a western blot.

Cell proliferation and cell cycle assay
---------------------------------------

The cells were seeded in 96-well plates at a density of 1 × 10^3^ cells per well, and a Cell Counting Kit-8 assay (CCK-8, KeyGEN BioTECH, China) was used to assess the proliferation potential. Duplicate sets of 4 wells each were assessed for each time point. At every twelve hours after seeding, the absorbance was measured at 450 nm using a plate reader (model 680; Bio-Rad, Hertfordshire, UK). The cell growth inhibition ratio (%) was calculated as follows: (1--A490 of experimental well/A490 of blank control well) × 100. Each assay was repeated at least 3 times.

The cells were collected and washed with PBS, fixed with 70% cold ethanol at 4 °C for 2 h, and passed through 70-μm Falcon Filters (BD Biosciences, Oxford, UK) to obtain a mono-dispersed cell suspension. The mono-dispersed cells were incubated with RNase A at 37 °C for 30 min and stained with propidium iodide (PI) at 4 °C for 30 min (Cell Cycle Detection Kit, BD, America). A flow-cytometric analysis was performed using a FACSCalibur flow cytometer (Becton Dickinson, Oxford, UK). Finally, the cell cycle was analyzed using Cell Quest software.

Cell colony formation assay
---------------------------

SV-HUC-1, 5637 and T24 cells in the experimental or control group (200 cells/well) were plated in triplicate into 6-well plates and cultured for 2 weeks. They were then stained with 0.1% crystal violet, and the colony formation rate was calculated using the following equation: colony formation rate (%) = (number of colonies/number of seeded cells) × 100.

Wound-healing migration assay
-----------------------------

The cells were seeded in culture medium into 24-well plates at a density of 1.2 × 10^5 ^cells per well. The confluent monolayer of cells was scratched with a fine pipette tip, and cell migration into the wound was visualized and scored by measuring the size of the initial wound and comparing it to the size of the wound after 24 h by microscopy.

Transwell cell migration and invasion assay
-------------------------------------------

Cell migration or invasion assays were performed using a 24-well Transwell chamber (Costar, Massachusetts, USA) with or without Matrigel coating. After 48 h, treated and control cells (1 × 10^4^) were detached and seeded into the upper chamber of an 8--μm pore size insert in the 24-well plate and cultured for another 12 h. The cells were allowed to migrate or invade the bottom chamber containing DMEM 15% FBS. The nonmigratory cells on the surface of the upper membrane were removed with a cotton tip, and the migratory or invasive cells attached to the lower membrane surface were fixed with 4% paraformaldehyde and stained with crystal violet. The number of migratory and invasive cells was counted in five randomly selected high-power fields under a microscope. The presented data represent three individual wells.

Immunofluorescence technique
----------------------------

Immunofluorescence analyses were performed using cell lines cultured in 24-well plates. The primary antibody was a mouse monoclonal antibody specific for phosphorylated FAK. After washing, the cells were incubated with TRITC-conjugated (rabbit anti-mouse) secondary antibodies. Nuclei were stained with DAPI (Beyotime, Shanghai, China). Immunofluorescence images were viewed using an inverted fluorescence microscope (Olympus, Tokyo, Japan).

Xenograft studies
-----------------

Briefly, mice were randomly divided into three groups consisting of five mice each. Cells (5 × 10^6 ^cells in 150 μl) were suspended in RPMI 1640 medium and injected subcutaneously into the flank of each BALB/c nude mouse. The length and width of the resulting tumors (in millimeters) were measured every three days with calipers. The tumor diameter was measured, and the volume (length × width^2^ × 0.52) was calculated. The mice were sacrificed humanely on day 45, and the tumors were dissected and weighed. The study was approved by Medical Laboratory Animal Welfare and Ethics Committee of China Medical University and the methods were carried out in accordance with the approved guidelines. Then, the tumors were fixed, embedded and cut into 3-μm-thick sections, which were subsequently stained with hematoxylin and eosin to permit observation of the tumor margin. Immunohistochemistry was also performed on these sections.

Immunohistochemistry
--------------------

Tumors were surgically removed, fixed in a 4% buffered neutral formalin solution and embedded in a semisynthetic paraffin. Consecutive 7 μm-thick sections were stained with hematoxylin/eosin (H&E) or hematoxylin alone for assessing microanatomical changes by light microscopy using Upright Metallurgical Microscope (Olympus, Tokyo, Japan). Paraffin-embedded sections were also stained with mouse anti-ki-67 Ab (1:100, abcam, USA) following the manufacturer's protocol. After incubation for 30 min at 25 °C with corresponding secondary biotinylated Ab (goat-anti mouse IgG, 1:200, Beyotime, Shanghai, China), the immune reaction was revealed using DAB kit (Beyotime, Shanghai, China). Sections exposed to a non-immune sera were used as negative controls. For each tumor sample, ki-67-positive cells were counted in 10 fields of 0.5 mm^2^ of serial consecutive sections.

Statistical analysis
--------------------

A statistical analysis was performed using SPSS (Statistical Package for the Social Sciences) 13.0 (SPSS Inc., Chicago, IL). The results are presented as the mean ± SD unless otherwise stated. P \< 0.05 was considered to indicate significant differences. The associations between variables were analyzed using Student's *t*-test and the chi-square test. The comparison of multiple mean with analysis of variance, after the equal check of variance, and the two-two comparisons among the means were done by LSD method Correlations between METTL13 expression and clinicopathological features were analyzed using Chi-Square tests and Spearman rank test.

Results
=======

Lower expression of METTL13 in bladder cancer tissue samples and cancer cell lines compared with normal bladder cancer and normal cell line
-------------------------------------------------------------------------------------------------------------------------------------------

To assess the potential role of METTL13 in bladder cancer, we examined the mRNA expression of METTL13 in 83 human bladder cancer samples and paired normal adjacent bladder tissues using qRT-PCR ([Table 1](#t1){ref-type="table"}). As shown in [Fig. 1A](#f1){ref-type="fig"}, the expression of METTL13 mRNA was lower in bladder cancer samples compared with their corresponding normal tissues. Statistical analyses suggested that the average expression levels of METTL13 mRNA in bladder cancer samples were lower than that in paired normal tissues (P \< 0.001). Although METTL13 expression and gender (P = 0.483), age (P = 0.825), histologic grade (P = 0.872) or tumor size (P = 0.195) did not significantly correlate, METTL13 exhibited a significantly negative correlation with pT stage (P \< 0.01) and metastasis (P \< 0.01) ([Fig. 1B--G](#f1){ref-type="fig"}). METTL13 was downregulated in the late stages and was maintained at a low level throughout the tumor progression process based on tumor node metastasis (TNM) staging. This finding suggested that METTL13 may be important during bladder cancer development and progression.

Using a western blot analysis, we confirmed that low levels of METTL13 mRNA resulted in the downregulation of METTL13 protein in 55 randomly selected bladder cancer samples compared with corresponding normal bladder tissue ([Fig. 1H](#f1){ref-type="fig"}). We also found that the protein levels of METTL13 negatively correlated with clinical stage and metastasis ([Fig. 1I,J](#f1){ref-type="fig"}). Low METTL13 mRNA and protein levels were also observed in two bladder cancer cell lines (5637 and T24) compared with an SV40 virus-transformed uroepithelial cell line (SV-HUC-1) ([Fig. 1K,L](#f1){ref-type="fig"}). Taken together, these results indicated that METTL13 is expressed at low levels in bladder cancer and may play an important role in tumorigenesis and the development of bladder cancer. Overall, these results indicated that METTL13 negatively regulates cell proliferation in bladder cancer and normal cell lines.

METTL13 negatively regulates cell proliferation in bladder cancer and normal cell lines
---------------------------------------------------------------------------------------

To investigate the role of METTL13 in bladder cells, we transfected SV-HUC-1, 5637 and T24 cells, with a wild-type METTL13 expression plasmid (WT-METTL13) or METTL13 siRNA respectively to overexpress or silence METTL13. There was higher expression in the cells with transfection of WT-METTL13, and lower expression in the cells with transfection of METTL13 siRNA ([Fig. 2A](#f2){ref-type="fig"}). As shown in [Fig. 2B](#f2){ref-type="fig"}, the overexpression of METTL13 in SV-HUC-1, 5637 and T24 cells significantly inhibited cell proliferation. Downregulating METTL13 with specific siRNA in SV-HUC-1 cells enhanced cell proliferation, but did not change cell proliferation of 5637 and T24 cells. A growth curve analysis also demonstrated that the growth of SV-HUC-1, 5637 and T24 cells that overexpressed METTL13 markedly decreased compared with the growth of control cells. However, ablating METTL13 in SV-HUC-1 cells promoted growth, and there was not remarkable variation in 5637 and T24 cells with silence of METTL13 ([Fig. 2C--E](#f2){ref-type="fig"}). Furthermore, inducing METTL13 expression in SV-HUC-1, 5637 and T24 cells markedly decreased the efficiency of cell colony formation, whereas the ablation of METTL13 expression markedly enhanced the ability of SV-HUC-1 cells to form colonies ([Fig. 2F](#f2){ref-type="fig"}). Overall, these results indicated that METTL13 negatively regulates cell proliferation in bladder cancer and normal cell lines.

METTL13 is involved in the cell cycle process of bladder cancer cells
---------------------------------------------------------------------

Next, we used a flow cytometer to examine the effect of METTL13 on cell cycle progression. As shown in [Fig. 3A,B](#f3){ref-type="fig"}, the overexpression of METTL13 in 5637 and T24 cells significantly increased the number of cells in the G0--G1 phase of the cell cycle and decreased the S-phase population, whereas a reduction of METTL13 in SV-HUC-1 decreased the number of cells in the G0-G1 phase and increased the number of cells in the S phase. The results suggested that the overexpression of METTL13 induced G1/S arrest in bladder cancer cells.

To study the molecular mechanisms responsible for METTL13-induced G1/S arrest, we examined several proteins that are involved in the G1/S checkpoint in bladder cancer cells that overexpressed METTL13. As shown in [Fig. 3C--E](#f3){ref-type="fig"}, METTL13 appeared to regulate several molecules that are involved in the G1/S checkpoint. The mRNA levels of Cyclin dependent-kinase 4 (CDK4), Cyclin-dependent-kinase 6 (CDK6) and cyclin-D1 (CCND1) decreased following an increase in METTL13. We then assessed the impact of METTL13 on the protein levels of these targets by overexpressing METTL13 in 5637 and T24 cells and knocking down METTL13 in SV-HUC-1 cells. Western blots for these putative targets ([Fig. 3F](#f3){ref-type="fig"}) showed that high expression levels of METTL13 resulted in decreased levels of CDK4, CDK6 and CCND1.

Because the effects of METTL13 on these proteins are significant, we hypothesized that the final step in the G1 to S transition checkpoint is affected. Therefore, we suspected that Rb phosphorylation was decreased in cells overexpressing METTL13. Accordingly, the level of phospho-Rb was decreased in cells that overexpressed METTL13 ([Fig. 3F](#f3){ref-type="fig"}). Therefore, we concluded that treating cancer cells with METTL13 reinstates the G1/S checkpoint via the coordinated downregulation of CDK6, CDK4 and CCND1, which resulted in the decreased phosphorylation of Rb and consequently delayed cell cycle progression.

To further confirm our hypothesis, we used CDK4/6 inhibitor (Palbociclib) to observe the role of CDK4/6 in METTL13 inhibiting the cell proliferation ability. In order to select the most suitable concentration of Palbociclib, we used various concentrations of Palbociclib treated 5637 cells at different times. It was showed that with increasing concentration of Palbociclib and/or the extension of time, cell proliferation was reduced ([Fig. 3G](#f3){ref-type="fig"}). The IC50 of Palbociclib to 5637 cells was about 0.5 μM. In SV-HUC-1 cells, we first used control siRNA or METTL13 siRNA to treat cells for 24 hours, and then added 0.5 μM Palbociclib to the cell culture medium and cultured the cells for 48 hours. As showed in [Fig. 3H](#f3){ref-type="fig"}, Palbociclib could weaken the increase of cell proliferation with the treatment of METTL13 siRNA. In 5637 or T24 cells, we used 0.5 μM Palbociclib to treat the Vector or WT-METTL13 stable transfected cells for 48 hours. The results demonstrated that METTL13 overexpression could reduce the cell proliferation and CDK4/6 inhibitor, Palbociclib, did not strengthen or weaken the effect ([Fig. 3I,J](#f3){ref-type="fig"}).

Overexpression of METTL13 hinders cellular migration and invasion in bladder cancer cells
-----------------------------------------------------------------------------------------

Increased mobility is a crucial property of invasive cancer cells. To determine the effect of METTL13 on cellular migration, 5637 and T24 cells were transfected with the pEX-4-METTL13 plasmid and subjected to wound-healing migration and transwell migration assays. A pEX-4 vector was used as a negative control. FBS-reduced cell-culture conditions (FBS concentration 0.1%--0.5%) were employed to minimize the effect of cell proliferation. As shown in [Fig. 4A,B](#f4){ref-type="fig"}, the cell migration rate was significantly reduced in METTL13-overexpressing cells compared with the rates of control cells. Cell chemotaxis was examined using a transwell migration assay. As shown in [Fig. 4C,D](#f4){ref-type="fig"}, significantly fewer METTL13-overexpressing 5637 and T24 cells migrated than control cells. To examine the effect of METTL13 on cell invasion, a cell invasion assay was performed on 5637 and T24 cells that overexpressed METTL13 using Matrigel-coated transwell plates. The overexpression of METTL13 significantly reduced cell invasion in both cell lines compared with control cells ([Fig. 4E,F](#f4){ref-type="fig"}).

To further explore the mechanism by which METTL13 affects cellular migration and invasion, the expression levels of several proteins related to the regulation of adhesion and metastasis were determined. The overexpression of METTL13 significantly reduced the invasion of human bladder cancer cells. An immunofluorescence assay was performed to determine the changes in the phosphorylation of an important adhesion-associated kinase, FAK. [Figure 5A](#f5){ref-type="fig"} shows that FAK phosphorylation was inhibited in the METTL13-transfected 5637 and T24 cell lines compared with the control group. A western blot assay showed that the overexpression of METTL13 remarkably downregulated FAK phosphorylation, AKT phosphorylation, β-catenin expression and MMP-9 expression ([Fig. 5B,C](#f5){ref-type="fig"}). In summary, these results suggest that the METTL13-dependent inhibition of bladder cancer cell migration and invasion is mediated by the downregulation of adhesion molecules and a reduction in extracellular matrix tissue degradation due to matrix metalloproteinase (MMP).

Furthermore, we used FAK (PF-562271) and AKT (MK2206) inhibitors respectively to observe the role of FAK and AKT in METTL13 inhibiting the cell migration and invasion ability. In order to select the most suitable concentration of PF-562271 and MK2206, we used various concentrations of PF-562271 and MK2206 respectively treated 5637 cells at different times. It was showed that with increasing concentration of inhibitor and/or the extension of time, cell proliferation was reduced ([Fig. 5D,E](#f5){ref-type="fig"}). The IC50 of PF-562271 to 5637 cells was about 2 μM and the IC50 of MK2206 was about 2.5 μM. In 5637 or T24 cells, we used 2 μM PF-562271 or 2.5 μM MK2206 respectively to treat the Vector or WT-METTL13 stable transfected cells for 48 hours. As showed in [Fig. 5F--I](#f5){ref-type="fig"}, the results demonstrated that METTL13 overexpression could reduce the cell migration and invasion ability and whether FAK inhibitor (PF-562271) or AKT inhibitor (MK2206), did not strengthen or weaken the effect.

Overexpression of METTL13 significantly inhibited cellular growth *in vivo*
---------------------------------------------------------------------------

To investigate the effect of METTL13 expression on bladder cancer cell growth *in vivo*, we xenografted the following cell types in to nude mice: 5637, 5637 with Vector and 5637 with WT-METTL13. As shown in [Fig. 6A,B](#f6){ref-type="fig"}, tumors derived from 5637 cells with WT-METTL13 grew much slower than those derived from 5637 cells and 5637 cells with Vector. Consistent with *in vitro* results, ki-67, a proliferation marker of tumors was significantly decreased in tumors derived from 5637 cells with WT-METTL13 ([Fig. 6C,D](#f6){ref-type="fig"}). The results showed that overexpression of METTL13 significantly suppressed tumor growth relative to the growth of mock cells and vector control cells.

Discussion
==========

Bladder cancer remains a major clinical challenge because of its poor early state prognosis and limited treatment options to prevent recurrence. The oncogenesis of bladder cancer involves changes in multiple oncogenes and multiple suppressor genes. Therefore, many molecular biomarkers can be utilized to provide viable approaches to improve cancer prognosis and treatment. Our study showed the role of a specific tumor-suppressor protein, METTL13, in bladder cancer.

METTL13 was initially purified from rat livers as a anti-apoptotic protein[@b6]. Remarkable, mouse METTL13 belongs to the Myc nodule in mouse embryonic stem cells that is responsible for the similarity between embryonic stem cells and cancer cells, suggesting METTL13 as a link between cancer and stem cell biology[@b9]. It was noticed that the TGACCTCCAG tag was used about METTL13 in the serial analysis of gene expression (SAGE) studies of human transcriptomes, which has been linked to a transcript that is aberrant expression in human colon, brain, breast, and lung cancers and melanoma compared with the corresponding normal tissues[@b10]. Therefore, integrated studies of the contribution of the multifunctional properties of METTL13 to tumorigenesis will be important.

A genome-wide linkage analysis in a GEO profile database showed that genetic variations in the human METTL13 gene have been associated with tumor malignancy, tumor metastasis, cancer progression, chemosensitivity, and microsatellite instability (<http://www.ncbi.nlm.nih.gov/geoprofiles>). The GEO profile database indicates that METTL13 expression is higher in normal tissues than in carcinomas, such as pancreatic cancer, prostate cancer and SP-C/c-raf transgenic tumors of lung adenocarcinomas (GEO profiles ID: 69616015, 111587413, 19101994, 69269775 and 69255944). Our findings are consistent with the expression of METTL13 in bladder cancer tissue samples and cancer cell lines, which is lower than that in normal bladder tissue and normal cell lines. However, Atsushi Takahashi *et al*. found that METTL13 is overexpressed in most human cancers and potently drives tumorigenesis *in vivo*[@b6]. Our group used many tumor cell lines to detect the expression of METTTL13. The data were showed in [supplementary files](#S1){ref-type="supplementary-material"}. It showed that in 5637, T24, DU145, HS578T cells there were lower level expressions of METTL13. But in SV-HUC-1, ACHN, 786-0, PC3, SK-OV-3, MCF-7, HT29, HCC-1937, A549 cells, there were higher level expressions of METTL13. In different cell lines of the same tumor, there were different expressions of METTL13. Since less literature and published studies about METTL13, the different expression in different cancers could not be completely clear explanation. This apparent discrepancy could be attributed to the tumor cell types and the tissue origin of tumor cells. METTL13 was downregulated during the late stages of the disease and maintained at low levels throughout tumor progression based on TNM staging, which suggested that METTL13 may be important during bladder cancer development and progression and low expression level of METTL13 may reflect poor prognosis of bladder cancer patients.

For further study of METTL13 in bladder cancer, we investigated the role of METTL13 in the proliferation of cancer cells. METTL13 negatively regulates cell proliferation, which suggests that the downregulation of METTL13 in bladder cancer might promote cancer progression. At the meantime, in the nude mice xenograft experiments, we found that overregulation of METTL13 significantly inhibited cellular growth *in vivo*. The activation of CDKs is specific to the subtype of cyclin, and specific CDKs regulate distinct phases of the cell cycle[@b11]. CCND1 expression is upregulated in cancer cells and activates CDK4/6, whereas Rb is deactivated, resulting in the dysregulation of the DNA-damage repair system and acceleration of the cell cycle[@b12][@b13][@b14]. Moreover, this finding also suggested that METTL13 caused G1/S arrest in METTL13-overexpressing cells via the coordinated downregulation of CDK6, CDK4 and CCND1, resulting in decreased Rb phosphorylation and consequent delayed cell cycle progression. In the contrary, there was a high expression level of METTL13 in SV-HUC-1. When the silencing of METLL13 in SV-HUC-1 cells, the proliferation ability of SV-HUC-1 was increasing with the decrease of METTL13. By the cell cycle assay, it was showed that the SV-HUC-1 cells with silence of METTL13 was more into S phase to promote the cell cycle procession. In SV-HUC-1 cells, Palbociclib could weaken the increase of cell proliferation with the treatment of METTL13 siRNA. But in 5637 and T24 cells, METTL13 overexpression could reduce the cell proliferation and CDK4/6 inhibitor, Palbociclib, did not strengthen or weaken the effect. The decrease of METTL13 could increase CDK6, CDK4 and CCND1 those contributed to the cell proliferation, but their correlation need to provide direct proof.

We also explored the effect of METTL13 on cellular migration and invasion in bladder cancer cells. FAK acts as an important protein in cell-ECM interactions that affect cell proliferation, migration and metastasis[@b15]. Phosphorylated FAK acts as a scaffold and primarily regulates the focal adhesion signaling related to cell adhesion to the ECM and MMP-mediated matrix degradation[@b16]. Overexpression METTL13 inhibited bladder cancer cell migration and invasion. Several studies have indicated that the FAK/PI3K/AKT/mTOR signaling pathway is involved in the regulation of MMP-2 and MMP-9 activity[@b17]. The decreased activity of the β-catenin transcription complex might contribute to the reduction in MMP2 and MMP9 gene expression[@b18][@b19]. METTL13 downregulated the level of FAK phosphorylation, the level of AKT phosphorylation, β-catenin expression and MMP-9 expression as well as reduced the damage to tissue by MMP. Moreover, METTL13 overexpression could reduce the cell migration and invasion ability and whether FAK inhibitor (PF-562271) or AKT inhibitor (MK2206), did not strengthen or weaken the effect. METTL13 overexpression inhibited FAK/AKT/β-catenin signaling and contributed to the anti-metastatic effects. Whether METTL13 played a role in cell migration and invasion through directly regulate FAK/AKT/β-catenin signaling need also to be further explored.

Collectively, these findings could be highly relevant in the clinical management and therapy of human bladder cancers. METTL13 expression downregulated in bladder cancer tissues, which might be significance to the diagnosis of bladder cancer. Moreover, the cell proliferation, migration and invasion of bladder cancer is dependent of METTL13 inhibition. If we think of ways to improve METTL13 expression level, it may play a therapeutic role on the progress of bladder cancer. Few studies have examined METTL13 in cancers. Thus, our experiments might provide a new perspective on the role of METTL13 in tumorigenesis and metastasis. The possible therapeutic role of METTL13 in the management of bladder cancer is a crucial aspect that merits future research.
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![METTL13 expression was downregulated in human bladder cancer.\
(**A**) The relative expression levels of METTL13 in human normal bladder tissues (n = 83) and bladder cancer tissues (n = 83) were evaluated by qRT-PCR. The data are presented as box plots of the median and range of log-transformed relative expression levels. The top and bottom of the box represent the 75th and 25th percentiles. The whiskers indicate the 10th and 90th points. Significant differences compared with normal tissues are indicated by P \< 0.05. The relative expression levels of METTL13 in bladder cancer tissues (**B**) from female patients (n = 22) and male patients (n = 61); (**C**) from patients older than 60 years old (n = 52) and younger than 60 years old (n = 31) were evaluated using qRT-PCR; (**D**) in low-grade bladder cancer tissues (n = 40) and high-grade bladder cancer tissues (n = 43); (**E**) in bladder cancers larger than 4.4 cm (n = 31) and smaller than 4.4 cm (n = 52); (**F**) in bladder cancer tissues (≤T1, n = 28) and cancer tissues (\>T1, n = 55) ; (**G**) in bladder cancer tissues without metastasis (n = 63) and cancer tissues with metastasis (n = 20) were evaluated using qRT-PCR. Significant differences between them are indicated by P \< 0.05. (**H**) Western blot showing the protein expression levels of METTL13 in human normal bladder tissues (**N**) and bladder cancer tissues (**T**). (**I**) Western blot showing the protein expression levels of METTL13 in bladder cancer tissues at different clinical stages (T1, T2, T3 and T4). (**J**) Western blot showing the protein expression levels of METTL13 in bladder cancer tissues with (**M**) or without (**U**) metastasis. (**K**) The relative expression levels of METTL13 in the human normal bladder cell line SV-HUC-1 and bladder cancer cell lines 5637 and T24 were evaluated using qRT-PCR. (**L**) Western blot showing the protein expression levels of METTL13 in the human normal bladder cell line SV-HUC-1 and bladder cancer cell lines 5637 and T24. The gels were run under the same experimental conditions.](srep19261-f1){#f1}

![METTL13 negatively regulates cell proliferation in bladder cancer or normal cell lines.\
(**A**) Western blot showing the protein expression levels of METTL13 in the human normal bladder cell line SV-HUC-1 and bladder cancer cell lines 5637 and T24 with the treatment of METTL13 siRNA or WT- METTL13. (**B**) The abilities of SV-HUC-1 cells transfected with METTL13 siRNA and 5637 and T24 cells transfected with WT-METTL13 to proliferate were examined based on a CCK-8 assay. (**C--E**) Growth curve analysis showing the cell growth of SV-HUC-1 cells transfected METTL13 siRNA and 5637 and T24 cells transfected with WT-METTL13. (**F**) The efficiencies of cell colony formation in SV-HUC-1 cells transfected with METTL13 siRNA and 5637 and T24 cells transfected with WT-METTL13.](srep19261-f2){#f2}

![The molecular mechanisms responsible for METTL13-induced G1/S arrest.\
(**A**) Based on the flow cytometric analysis, the cell cycle was analyzed in SV-HUC-1 cells transfected with METTL13 siRNA and 5637 and T24 cells transfected with WT-METTL13 was analyzed. (**B**) The percentages of cells in different phases of the cell cycle were quantified and are shown in a column graph. (**C--E**) qRT-PCR was performed to evaluate the mRNA levels of CDK4, CDK6 and CCND1 in SV-HUC-1 cells transfected with METTL13 siRNA and 5637 and T24 transfected with WT-METTL13. (**F**) CDK4, CDK6 and CCND1 protein expression levels were analyzed by western blot in SV-HUC-1 cells transfected with METTL13 siRNA and 5637 and T24 cells transfected with WT-METTL13. The gels were run under the same experimental conditions. (**G**) The abilities of cells with various concentrations of Palbociclib treated 5637 cells at different times to proliferate were examined based on a CCK-8 assay. (**H**) The proliferation ability of SV-HUC-1 with treatment of Palbociclib and METTL13 siRNA was examined by CCK-8. (**I,J**) The proliferation ability of 5637 and T24 cells with treatment of Palbociclib and WT-METTL13 was examined by CCK-8.](srep19261-f3){#f3}

![Overexpression of METTL13 hinders cellular migration and invasion in bladder cancer cells.\
(**A**) Based on the scratch migration assay, the migration ability of 5637 and T24 cells transfected with WT-METTL13 was inhibited. (**B**) The wound closure was quantified (%) and is shown in a column graph. (**C**) The migration ability of 5637 and T24 cells transfected with WT-METTL13 was hindered. (**D**) The number of cells was quantified and is shown in a column graph. (**E**) Based on the transwell invasion assay, transfection of WT-METTL13 inhibited the invasion ability of 5637 and T24 cells; (**F**) The number of cells was quantified and is shown in a column graph.](srep19261-f4){#f4}

![METTL13-dependent inhibition of bladder cancer cell migration and invasion is mediated by the downregulation of adhesion molecules and reducing the damage to tissue by MMP.\
(**A**) An immunofluorescence assay was performed to determine the changes in the phosphorylation of an important adhesion-associated kinase, FAK. (**B,C**) Western blot assay shows that the overexpression METTL13 remarkably downregulated FAK phosphorylation, AKT phosphorylation, β-catenin expression and MMP-9 expression. The gels were run under the same experimental conditions. (**D,E**) The abilities of cells with various concentrations of PF-562271 or MK-2206 treated 5637 cells at different times to proliferate were examined based on a CCK-8 assay. (**F,G**) The migration and invasion ability of 5637 and T24 cells transfected with PF-562271 and WT-METTL13 was examined. The number of cells was quantified and is shown in a column graph. (**H,I**) The migration and invasion ability of 5637 and T24 cells transfected with MK-2206 and WT-METTL13 was examined. The number of cells was quantified and is shown in a column graph.](srep19261-f5){#f5}

![Overexpression of METTL13 significantly inhibited cellular growth *in vivo*.\
(**A**) Representative pictures of tumor in 5637, 5637-Vector and 5637-WT-METTL13 cell-transplanted mice. (**B**) The tumor volumes were measured at the indicated number of days after mice were transplanted with 5637, 5637-Vector and 5637-WT-METTL13 cells. (**C**) Cell proliferation was evaluated by ki-67 immunohistochemistry in xenografts. (**D**) Statistical analysis of ki-67 positive cells from panel (**C**) \*, *P* \< *0.05*.](srep19261-f6){#f6}

###### Association of METTL13 expression with clinicopathologic characteristics of the bladder cancer patients.

  Parameters            Group      No. of cases (%)   Cases with negative METTL13 expression (%)   *X*^*2*^      *P*
  ------------------ ------------ ------------------ -------------------------------------------- ---------- ------------
                        Normal         83(100%)                       10(12.0%)                      86.8       \<0.01
                        Cancer         83(100%)                       71(85.5%)                                    
  Gender                 Male         61(73.5%)                       53(86.9%)                      0.05        0.82
                        Female        22(26.5%)                       18(81.8%)                                    
  Age(years)             \<60         47(56.6%)                       41(87.2%)                      0.04        0.85
                         ≥60          36(43.4%)                       30(83.3%)                                    
  Histologic grade    Low grade       49(59.0%)                       42(85.7%)                      0.07        0.79
                      High grade      34(41.0%)                       29(85.3%)                                    
  *p*T                   \<T1         38(45.8%)                       26(68.4%)                     14.16     \<0.01*\**
                         ≥T1          45(54.2%)                        45(100%)                                    
  Tumor size           \<4.4 cm       33(39.8%)                       27(81.8%)                      0.22        0.64
                       ≥4.4 cm        50(60.2%)                       44(88.0%)                                    
  Metastases              No          54(65.1%)                       42(77.8%)                      5.84      0.02*\**
                         Yes          29(34.9%)                        29(100%)                                    

\**P* \< 0.05, significantly difference with another .group.
